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Abstract 1,10-Phenanthroline promoted cyanation of aryl iodides has been 
developed. Phenanthroline worked as an organocatalyst for the reaction of 
aryl iodides with tetraalkylammonium cyanide to afford aryl cyanides. The 
similar reactions occurred via electro-reductive processes.  
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Aryl cyanides are a significant motif of pharmaceuticals, natural 
products, and organic materials.1 They are also important as 
precursors because the nitrile group can be transformed into a 
wide variety of functional groups, such as amides, carboxylic 
acids, imines, ketones, and amines. The most conventional ways 
to synthesize aryl cyanides are the Sandmeyer reactions2 and 
the Rosenmund–von Braun reactions3 (Scheme 1). Sandmeyer 
reactions require diazonium salts, which are sometimes 
explosive, whereas Rosenmund–von Braun reactions usually 
require harsh reaction conditions. Additionally, a stoichiometric 
amount of copper cyanide should be used, which is often 
problematic in a large-scale synthesis. In the past decades, 
transition metal-catalyzed cyanation using aryl halides or 
arylboronic acids had been studied intensively.4,5 For instance, 
Buchwald et al. reported copper-catalyzed Rosenmund–von 
Braun-type reaction.5n,5o Recently, cyanation reactions using 
nonmetallic cyanation agents have also been reported. Shen and 
co-workers reported a palladium-catalyzed cyanation reaction 
using ethyl cyanoacetate as a cyanating agent.6a Wang reported 
iron-catalyzed cyanation using hypervalent iodonium salts.6b 
Itami and Yamaguchi reported Ni-catalyzed cyanation using 
aminoacetonitriles as cyanating agents.6k Although there have 
been many other reports on cyanation reactions, most of them 
require the use of a stoichiometric amount of metal cyanide or 
of transition metal catalysts. In contrast, there have been only a 
few reports on cyanation reactions by metal-free approaches.7 
Kita reported hypervalent iodine-mediated direct cyanation of 
electron-rich heteroaromatics.7a,7b Lewis acid-catalyzed direct 
cyanation of indoles and pyrroles was reported by Wang 
group.7c Quite recently, Nicewicz reported direct cyanation 
reactions using photoredox catalysts.7c In another approach, 
Novi reported electro-reductive cyanation using diazosulfides as 
the source of aryl radicals.8 Although these reactions proceeded 
with a catalytic amount of electricity, a large amount (20 equiv) 
of Bu4NCN was required for the reaction and the reaction scope 
was limited. 
Meanwhile, KOt-Bu or NaOt-Bu-mediated cross-coupling 
reactions between aryl halides and arenes have received 
considerable attention as novel transition metal-free cross-
coupling reactions.9 These reactions are expected to proceed via 
the SRN1 mechanism. A key step is single-electron transfer (SET) 
from MOt-Bu/diamine (M = K or Na) to aryl halides to generate 
aryl radical species that react with arenes. We considered that 
thus-generated aryl radical species would be applicable for 
other reactions such as cyanation. Aryl cyanides would be 
obtained when aryl halides react with a cyanating agent. On the 
basis of this hypothesis, we started the study of MOt-Bu-
mediated cyanation reaction of aryl halides. Although the 
desired reactions proceeded, we unexpectedly found that MOt-
Bu was unnecessary and a catalytic amount of 1,10-
phenanthroline (phen) promoted cyanation reactions. Similar 
reactions could be realized by electroreduction. We herein 
report the first phen or electron promoted cyanation reactions 
of aryl halides in a metal-free fashion. 
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# transition metal free
# strong base free
# with phen  
10 examples   
up to 78% yield
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Scheme 1 Synthesis of Aryl Cyanides 
On the basis of our preliminary hypothesis, we first carried out 
MOt-Bu-mediated cyanation using 1-iodonaphthalene (1a) as a 
model compound (Table 1). In the presence of NaOt-Bu (2.0 
equiv) and 1,10-phenanthroline (phen, 10 mol%), 1a was 
treated with several cyanide sources at 150 °C (Entries 1–5). 
NaCN and KCN were ineffective (Entries 1 and 2). With Me3SiCN, 
the desired cyanated product 2a was obtained in 14% yield with 
39% yield of the dehalogenated product 3a (Entry 3). Use of 
tetraalkylammonium cyanide gave better results (Entries 4 and 
5). With tetrabutylammonium cyanide (Bu4NCN) or 
tetraethylammonium cyanide (Et4NCN), 2a was obtained in 
respective yields of 20% and 29%. Solvent effect was examined 
next. Among several solvents, dimethyl sulfoxide (DMSO) gave 
the best results. For instance, yield of 2a decreased drastically in 
dimethylformamide (DMF) (6% yield) and in CH3CN (19% 
yield). Using KOt-Bu instead of NaOt-Bu, we obtained 2a and 3a 
in similar yields (Entry 6). Decreasing the amount of KOt-Bu to 
1.0 equiv increased the yield of 2a to 40%. Surprisingly, the 
cyanation proceeded even without a base, and 2a was obtained 
in 32% yield (Entry 7).10 This result suggests that phen itself can 
be used as an organocatalyst for the cyanation. Increasing the 
amount of phen increased the yield of 2a. With 50 mol% of phen, 
2a was obtained in 45% yield (Entry 8). The reaction was 
finished within 3 h under the conditions used. Use of 80 mol% of 
phen gave a similar result to that of 50 mol% of phen (Entry 9). 
These results are quite different from the results of previously 
reported MOt-Bu-mediated cross-coupling reactions, which did 
not proceed without MOt-Bu. Although the reason is not clear at 
present time, the reduction potentials of iodoarene and phen 
were rather close (see cyclic voltammetry in SI), which would 
lead SET from phen to iodoarene.. 
Table 1 Cyanation of 1a Under Various Conditions 












Base 2a (%)a 3a (%)a 1a (%)a 
1 NaCN NaOt-Bu 1 8 N.D.b 
2 KCN NaOt-Bu N.D. 11 N.D. 
3 Me3SiCN NaOt-Bu 14 39 12 
4 Bu4NCN NaOt-Bu 20 69 N.D. 
5 Et4NCN NaOt-Bu 29 (6)c (19)d 66 (94)c (31)d N.D. (43)c 
(N.D)d 
6 Et4NCN KOt-Bu 29 (40)e 60 (55)e N.D. 
7 Et4NCN None 32 49 N.D. 
8f Et4NCN None 45 (48)g 46 (47)g N.D. 
(N.D.)g 
9h Et4NCN None 47 50 N.D. 
aDetermined by gas chromatography (GC) analysis with dodecane as an internal 
standard. 
bNot detected. 
cPerformed in DMF. 
dPerformed in CH3CN. 
ePerformed with 1.0 equiv of base. 
fPerformed with 50 mol% of phen. 
gPerformed for 3h. 
hPerformed with 80 mol% of phen. 
We focused on the unexpected phen promoted cyanation 
reaction, and optimized the reaction conditions. First, we 
screened several diamines for the catalysts of the cyanation 
(Table 2). Without a catalyst, the reaction did not proceed at all, 
and the starting material 1a was recovered quantitatively 
(Entry 1). 4,7-Dichloro-1,10-phenanthroline (dcphen) could also 
be used for the cyanation, but the efficiency was lower than that 
of phen (Entry 2). In contrast, 3,4,7,8-
tetramethylphenanthroline (tmphen), 4,7-
dichlorophenanthroline (Ph-phen), 2,2′-bipyridyl derivatives, 
and N,N′-dimethylethylenediamine (DMEDA) were ineffective 
(Entries 3–8).  
A problem of the reaction was that dehalogenation of the 
substrate competed with the desired cyanation. It was probably 
because the naphthyl radical generated from 1a partially 
reacted with DMSO before the reaction with Et4NCN.11 We 
assumed that a higher concentration would be better for the 
reaction. The effect of the concentration for the cyanation is 
summarized in Table 3. As expected, increasing the 
concentration of 1a from 0.1 M to 0.3 M drastically suppressed 
the generation of the dehalogenated by-product 3a, and 
increased the yield of 2a to 55% (Entry 2). With 0.5 M of 1a, the 
yield of 2a was up to 60% (Entry 3). Under much higher 
concentration or neat conditions, the dehalogenation was 
efficiently suppressed, but the yield of 2a decreased (Entries 4 
and 5). 










Entry Diamine 2a (%)a 3a (%)a 1a (%)a 
1 None N.D.b N.D. >99 
2 dcphenc 23 20 N.D. 
3 tmphend 2 4 89 
4 Ph-phene N.D. 2 94 
5 bpyf N.D. 2 96 
6 dmbpyg N.D. 3 96 
7 dtbpyh N.D. 2 92 
8 DMEDAi N.D. 3 92 
aDetermined by GC analysis with dodecane as an internal standard. 
bNot detected. 
cdcphen = 4,7-Dichloro-1,10-phenanthroline. 
dtmphen = 3,4,7,8-Tetramethyl-1,10-phenanthroline. 
ePh-phen =  4,7-Diphenyl-1,10-phenanthroline. 
fbpy = 2,2′-Bipyridyl. 
gdmbpy = 4,4′-Dimethyl-2,2′-bipyridyl. 
hdtbpy = 4,4′-Di-tert-butyl-2,2′-bipyridyl. 
iDMEDA = N,N′-Dimethylethylenediamine. 
During the course of further optimizations, it was revealed that 
the reaction was highly influenced by the reaction temperature 
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(Entries 6 and 7). When the reaction was performed at 130 °C, 
the yield of 2a drastically increased (Entry 6). In this case, the 
amount of phen could be reduced to 20 mol% and 2a was 
obtained in 78% isolated yield within 1 h. In contrast, 2a was 
not obtained at 100 °C, meaning that precise control of the 
reaction temperature was quite significant for the reaction. 















2a (%)a 3a (%)a 1a (%)a 
1 0.1 150 48 47 N.D.b 
2 0.3 150 55 13 N.D. 
3 0.5 150 60 12 N.D. 
4 1.0 150 58 9 N.D. 
5 Neat 150 48 6 N.D. 
6 0.5 130 71 (77)c  (78)c,d 10 (10)c N.D. (N.D.)c 
7 0.5 100 N.D. N.D. 95% 
a Determined by GC analysis with dodecane as an internal standard. 
b Not detected. 
c Performed with 20 mol% of phen. 
d Performed for 1 h. Isolated yield. 
Under the optimized conditions, phen promoted cyanation of 
several aryl halides was conducted (Scheme 2).11 With 1-
bromonaphthalene, 2a was obtained in 19% yield. The reaction 
using 1-chloronaphthalene did not give 2a at all. Using 
iodobenzene, we obtained benzonitrile (2b) in 48% yield. 
Iodoarenes bearing electron-donating substituents, such as p-
iodoanisole and p-iodotoluene, could be applicable for the 
reaction and the corresponding cyanated compounds 2c and 2d 
were obtained in 45% and 42% yield, respectively. The use of 
iodoarenes having electron-withdrawing groups, such as p-
iodoacetophenone and ethyl 4-iodobenzoate, gave the cyanated 
compounds 2e and 2f in respective yields of 25% and 20%. In 
contrast, use of a π-extended precursor such as 4-iodo-1,1′-
biphenyl gave a good result (2g, 62% yield). A sequential double 
cyanated product (2h) was readily obtained from 4,4′-diiodo-
1,1′-biphenyl. 
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130 °C, 1 h
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Scheme 2 Cyanation of Several Aryl Halides under the Optimized Conditions. 
N.D. = not detected. 
 
To get further insight on the reaction mechanism, we conducted 
two control experiments (Scheme 3). When the cyanation was 
carried out in DMSO-d6, 2a was obtained in 63% yield with 
deuterated naphthalene 3a-d (58% D) (Scheme 3 (a)). This 
result suggests that the major hydrogen donor of the reaction 
would be DMSO although there would be other hydrogen 
sources.12 When the reaction was carried out in the presence of 
20 mol % of TEMPO, the cyanation did not proceed at all 
(Scheme 3 (b)). Even with 5 mol % of TEMPO, only a trace 
amount of 2a was obtained and quantitative amount of 1a was 
recovered. These results suggest that the reaction would 
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Scheme 3 Control Experiments 
A plausible mechanism of the phen promoted cyanation reaction 
is illustrated in Figure 1. First, SET would occur from phen, 
bearing more positive reduction potential than aryl iodide (see, 
SI), to aryl iodide and a radical anion of the aryl iodide (A) 
should be generated. Then, elimination of iodide (I−) would give 
aryl radical B. When B reacts with DMSO, a dehalogenated 
product would be obtained. When B reacts with –CN, a radical 
anion of aryl cyanide (C) would be generated. Then, SET would 



















Figure 1 A plausible mechanism for phen promoted cyanation of aryl iodides. 
As mentioned above, the cyanation reaction proceeded with a 
catalytic amount of phen, meaning that phen would work as a 
SET initiator on the first stage to generate radical anion A. We 
next examined the use of electroreduction instead of phen for 
the first generation of the radical anion species (Scheme 4). 
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Electricity was simply passed to the mixed solution of aryl 
iodide 1a and Et4NCN (5.0 equiv) in DMSO at 70 °C. With 0.3 
F/mol (to 1a) of electricity, 1a was consumed and the cyanated 
product (2a) was obtained in 68% yield.14 Notably, the reaction 
proceeded with a catalytic amount of electricity. This result 
suggests that electricity would be required for the generation of 
aryl radical species, and the following catalytic cycle would 
proceed without electricity in the same way as with the phen 
promoted reaction. The protocol without any chemical initiator 
is operationally very simple and easy. In addition, it is 
advantageous that the reactions using electricity can be carried 
out at lower temperature than that of phen promoted reactions. 
Heating would be mainly required for the low solubility of 
Et4NCN to DMSO. Indeed, the electrochemical cyanation with 
Bu4NCN, which has a higher solubility to DMSO than Et4NCN, 
could be conducted at room temperature, and the desired 
product 2a was obtained in 60% yield. The high temperature for 
the phen promoted reaction may be due to the higher energy 
requirement for the SET from phen to aryl iodide. In this case, 
electron-deficient aryl iodides gave better results than those of 
electron-rich aryl iodides, probably because electron-deficient 
aryl iodides would be readily reduced to generate aryl radical 
species. For instance, the reaction of 4-iodoanisole did not give 
the desired compound 2c, and that of 3-iodoanisole gave the 
desired compound 2i in 24% yield. In contrast, the reaction 
using electron-deficient aryl iodides, such as p-
iodoacetophenone, ethyl 4-iodobenzoate, and 4-
iodobenzonitrile, gave the desired products 2e, 2f, and 2j in 
68%, 70%, and 57% yields, respectively. 
undivided cell, (CF)-(Pt)
DMSO (0.5 M), 70 °C




























Scheme 4 Electro-reductive Cyanation of Several Aryl Iodides. a Performed 
with Bu4NCN (7 equiv) at RT using (Pt)-(Pt) electrodes. b Performed with 
Et4NCN (7 equiv) at 90 °C. Amount of electricity passed was 0.5 F/mol. c 
Amount of electricity passed was 0.1 F/mol. 
In conclusion, we have developed phen promoted cyanation 
reactions from aryl iodides and Et4NCN. Several aryl cyanides 
could be synthesized by the method. An electrochemical 
approach was also successful, and the cyanated products were 
obtained with a catalytic amount of electricity. Further 
investigations of the phen promoted reactions and electro-
chemical reactions are currently ongoing in our laboratory.  
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